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Living organisms do not only passively receive sensory
stimuli from the external world, but also actively explore
their surroundings using their sensory organs such as
sniffing for odor sensation, whisking for touch sensation,
and eye-movements for visual sensation. While neuronal
activities underlying active sensing in olfaction and
vibrissa sensation have been studied in detail, the activ-
ities related to active vision have remained largely
unknown. In a recent study, we studied spike synchrony
between neurons recorded from the primary visual cor-
tex (V1) of monkeys while they perform visual explora-
tion of natural scene images with self-paced, voluntary
eye-movements and found that the V1 cells show excess
synchrony around the onset of their response to visual
fixation [1]. In the subsequent study, we further exam-
ined LFP activities recorded simultaneously with the
s p i k ed a t aa n df o u n dt h ee v i d e n c et h a tt h eo s c i l l a t o r y
LFP activity in the beta frequency band (10-25 Hz)
related to the initiation of saccadic eye-movements
modulates the timing of single spikes and supports the
occurrence of spike synchrony of the V1 cells [2].
It has widely been recognized that brain activities show
oscillations on multiple time scales [3]. While previous
studies tended to focus on a single, specific frequency
band, recent studies have reported strong interactions
between activities in different frequency bands [4]. Such
interaction is referred to as cross-frequency coupling, and
the most common type of coupling is phase-amplitude
coupling, also known as nested oscillations [5], where the
phase of the slower oscillations modulates the amplitude
of the faster oscillations.
In the present study, we investigate cross-frequency
coupling of eye-movement related LFPs of freely viewing
monkeys. We identify three distinct frequency compo-
nents characterized by different types of temporal
locking to the onset of saccadic eye-movements: A
delta-theta band component which is phase-locked to
fixation-onset, a beta-gamma band component that is
evoked by saccade-onset, and an induced component in
the high gamma band. We find that the slowest fre-
quency component (δ–θ (2-8 Hz) frequency band) cov-
aries with the self-initiated, exploratory eye movements.
Interactions between this slow component and the
other faster components are studied in terms of phase-
amplitude coupling measured by the modulation index
(MI) [6]. We show that the amplitudes of the faster
frequency components (a–b (8-32 Hz) and high-g
(>100 Hz) frequency bands) are modulated by the phase
of the slow component (δ band), as reflected in high MI
values for the respective frequencies. Furthermore, we
find positive correlations between the degree of the
phase-amplitude coupling and the amplitude of the slow
component.
These results represent the first evidence of mutual
entrainment of different LFP frequency components
during natural, active viewing behavior. Spontaneous,
self-initiated eye-movements are accompanied by a reset
of slow oscillations and by evoked beta oscillations,
which modulate the high-gamma oscillations induced by
visual input. This suggests a structuring role of slow
oscillations in the processing of external visual stimuli.
Author details
1Laboratory For Statistical Neuroscience, RIKEN BSI, 2-1 Hirosawa, Wako, 351-
0198 Saitama, Japan.
2CENI and Programa de Fisiología y Biofísica, ICBM,
Facultad de Medicina, Universidad de Chile, Santiago, Chile.
3Institute of
Neuroscience and Medicine, Computational and Systems Neuroscience (INM-
6), Research Center Juelich, Juelich, Germany.
4Theoretical Systems
Neurobiology, RWTH Aachen, Aachen, Germany.
Published: 18 July 2011
* Correspondence: j-ito@brain.riken.jp
1Laboratory For Statistical Neuroscience, RIKEN BSI, 2-1 Hirosawa, Wako, 351-
0198 Saitama, Japan
Full list of author information is available at the end of the article
Ito et al. BMC Neuroscience 2011, 12(Suppl 1):P132
http://www.biomedcentral.com/1471-2202/12/S1/P132
© 2011 Ito et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.References
1. Maldonado P, Babul C, Singer W, Rodriguez E, Berger D, Grün S.
J Neurophysiol 2008, 100(3):1523-1532.
2. Ito J, Maldonado P, Singer W, Grün S. Cereb Cortex 2011.
3. Buzsaki G. Rhythms of the Brain Oxford: Oxford University Press; 2006.
4. Jensen O, Colgin LL. Trends in Cogn Sci 2007, 11(7):267-269.
5. He BJ, Zempel JM, Snyder AZ, Raichle ME. Neuron 2010, 66(3):353-369.
6. Tort ABL, Komorowski R, Eichenbaum H, Koppel N. J Neurophysiol 2010,
104(2):1195-1210.
doi:10.1186/1471-2202-12-S1-P132
Cite this article as: Ito et al.: Cross-frequency coupling of eye-
movement related LFP activities of freely viewing monkeys. BMC
Neuroscience 2011 12(Suppl 1):P132.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Ito et al. BMC Neuroscience 2011, 12(Suppl 1):P132
http://www.biomedcentral.com/1471-2202/12/S1/P132
Page 2 of 2